Currently, on average, one tire is discarded in the U.S. for every man woman and child every year. While the reuse market for used tires has increased over the years to approximately 75%, there are still an estimated 2-3 billion used tires stockpiled in the U.S. Finding economical and sustainable end uses for this tire material is an ongoing challenge to environmental engineers and others. In this study, three different uses of tire rubber were evaluated as biofilm attachment media in bioreactors for wastewater treatment: in an aerobic biofilter, in anoxic bioreactor, and in a hybrid anaerobic static granular bed reactor (SGBR). Size distribution, chemical composition, scanning electron microscopy, and whole effluent toxicity analyses were performed. These tests demonstrated that the tire rubber media was non-toxic and provided good surface area for biofilm attachment. The trickling filter system using chunk rubber (average diameter of approximately 3 cm) achieved 79.6-90.1% COD removal efficiency at organic loading rates ranging from 0.12 kg COD/m 3 ·d to 0.34 kg COD/m 3 ·d. In the hybrid SGBR, anaerobic granular sludge was augmented with fine rubber particles (average particle diameter of approximately 0.2 mm) and achieved greater than 90% COD removal at hydraulic retention times of 48 to 20 h resulting in organic loading increases from 0.44 to 2.7 kg/m 3 ·d. The anoxic TDRP filter system achieved nitrate-nitrogen removal efficiencies greater than 97% at influent concentrations ranging from 52 to 94 mg NO 3 -N/L. This research demonstrated the utility of TDRP media in multiple biofiltration applications.
INTRODUCTION
Currently, on average, one tire is discarded every year in the U.S. for every man woman and child living. While the reuse market for used tires has increased over the years to approximately 75%, there are still an estimated 2-3 billion used tires stockpiled in the U.S. The largest demand (33% of the tire reuse market) for used tires is in tire derived fuel (TDF), primarily for use in cement kilns (Sunthonpagasit and Duffey, 2004) . Other current markets for used tires include civil engineering (CE) applications (15%) and crumb rubber (12%). CE applications for used tires include leachate collection and recovery systems (see Phaneuf and Glander, 2003) and highway embankments. Approximately one third of crumb rubber produced is used for asphalt modification (e.g., crumb rubber asphalt concrete, see Azizian et al., 2003 and crumb tire rubber bitumens, see Navarro, et al., 2004) . Another third of the crumb rubber is used for molded products (e.g., using crumb rubber in lieu of virgin rubber). Additional uses for crumb rubber include sports and horse arena surfaces, automotive products, and landscaping mulch (Sunthonpagasit and Duffey, 2004) .
Environmental applications for tire rubber have mainly been in adsorption systems. Manchón-Vizuete et al. (2005) , for instance, tested chemically and heat treated tire rubber for its ability to adsorb mercury. Entezari et al. (2006) used ground tire rubber, preconditioned with ultrasonic vibrations, to remove cadmium from aqueous solutions. A review by Mui et al. (2004) suggested that activated carbon material made from waste tire rubber could result in porosities in excess of 40% of pore volume and surface areas over 1000 m 2 /g. Other experimental applications for crumb rubber include its use as a ballast water filtration media Chen, 2004, Tang et al. 2006) , subsurface drainage for nutrient mitigation (Lisi et al., 2004) , and septic tank liners.
The objective of this study was to evaluate TDRP as a suitable media for biological growth and biofilm development in anaerobic, aerobic, and anoxic environments. In this study, three different types of reactors were constructed and operated; a trickling filter with effluent recycle, a denitrification filter with fixed media for attached growth, and a hybrid-static granular bed reactor with anaerobic granular sludge and tire derived rubber particles. Each of the systems was typical of what might be used in the field with the exception of the hybrid-SGBR.
The SGBR is a simple downflow anaerobic system developed at Iowa State University. It utilizes a bed of active anaerobic granules in a downward flow regime (see Figure 1) . The innovation in this reactor configuration is that it uses the highly active anaerobic granules (just as in a UASB system), but it operates in a downflow mode. The advantage of a downflow configuration is that the biogas that is generated rises and is easily separated from the granules and the liquid at the top of the reactor. Granule buoyancy is not a detriment to process performance in the SGBR as it is in the UASB. In contrast to the UASB, there is no need for a sophisticated three phase solids, gas, and liquid separator. Neither is there a need for recirculation pumps, timers, mixers, or other ancillary equipment that are required for the UASB systems. Consequently, the effluent quality of the SGBR is improved in comparison to the UASB. The biomass granules are retained within the reactor by the use of a gravel underdrain. Consequently, temperature and hydraulic loading changes are not expected to significantly affect effluent quality.
The technological innovation of the SGBR is that it uses highly active anaerobic granular biomass in a downflow configuration. Other reactor configurations use a downward flow regime (e.g., the anaerobic filter), but the SGBR is the first granular sludge system to operate in a downflow mode. This configuration allows for exceptional effluent quality, simple operation, and reduced volume requirements. The performance of the system was demonstrated in numerous laboratory and pilot studies on a variety of wastewaters (Mach and Ellis, 2000 , 2001 , Roth and Ellis, 2004 , Evans and Ellis, 2005 , Debik et al., 2005 . The addition of TDRP to the granule bed was evaluated in this study to determine its suitability as a media and to offset the high cost of anaerobic granules (which traditionally have sold for approximately $66/m 3 ). 
METHODOLOGY
The TDRP material was obtained from Envirotech, Inc. in three samples. Two of the samples were fine rubber material and one of the samples was larger chunk rubber. Size distribution analysis was carried out via sieving and light microscopy. A wet sieve was used to characterize the fine shredded tire rubber. The sieve test was preformed using a wet sieve machine with approximately 100-g samples. Nine sieves were arranged from largest to smallest opening and allowed all possible material to pass through each sieve to be distributed by particle size. Large chunk rubber was measured directly with a ruler to determine an average approximate size. Physical and chemical analysis was conducted using a scanning electron microscope. The samples were applied to a carbon based disc and inserted under the electron stream. Elements were identified in spots or over a larger area of the sample. Elements were identified based refracted waves from the material.
Toxicity testing was performed by the University of Iowa's Hygienic Laboratory, Iowa's only laboratory certified to conduct the whole effluent toxicity (WET) test. Lethal concentrations (LC 50 ) were determined for WET organisms Pimephales promelas and Ceriodaphnia dubia. Samples for testing were obtained by adding 100-g of the TDRP material to 4-L mixed liquor samples obtained from the Boone (Iowa) Water Pollution Control Plant. Two separate samples of TDRP material were tested, Product A and Product B (Product B had small metal flakes mixed in with the rubber particles). After dosing the mixed liquor with TDRP, the samples were stirred with a standard jar test apparatus at 200 rpm for 1 min. followed by 120 rpm for 30 min. Supernatant from the mixed liquor/TDRP samples and the control sample (mixed liquor without TDRP) were sent to the State Hygienic Laboratory for analysis. The laboratory-scale trickling filter was fabricated from Plexiglass with a working active volume of 10-L filled with coarse (chunk rubber) TDRP. Forced air (upflow) was utilized to ensure aerobic conditions. The trickling filter was seeded with biomass from the Boone Water Pollution Control Plant, and 100% recirculation of effluent was employed. Synthetic wastewater was feed to the trickling filter at a concentration of 300 mg COD/L. For the hybrid-SGBR the active volume was 1.5-L and gravel was used for the underdrain at the base of the reactor. The hybrid SGBR was seeded with 0.5-L anaerobic granules and 1.0-L fine TDRP. During operation, various hydraulic retention times were applied to the SGBR fed with Non-fat dry milk as the influent substrate. Finally, a 1.5-L active volume downflow denitrification filter with a 3-L active volume was constructed and evaluated. Gravel was used at the base of this reactor followed by 0.4-L fine sand and 1-L fine TDRP. This reactor was fed synthetic wastewater including non-fat dry milk as carbon source and potassium nitrate (KNO 3 ) as nitrate source. Feed composition for each of the three bioreactors is shown in Table 1 . 
RESULTS
The size distribution and chemical tests are very important to the potential uses of a material. The fine TDRP used for the test has fairly well balanced sizes, and the consistent slope of the line representing the size distribution of particles from Product A is shown in Figure 3 . The effective size for Product A was determined to be 0.21 mm with a uniformity coefficient of 3.9. Product B had an effective size of 0.33 and a uniformity coefficient of 1.8. The chunk rubber had a mean size of 2.6±0.8 cm in length and 0.8±0.4 cm in width. Using SEM it was possible to detect elements present in the TDRP. Chlorine was probably the most surprising element found. It was present in both small and large areas tested. Sulfur was also found, which was expected since sulfur is used to manufacture tires. In some of the areas tested, sulfur spiked to many times that of any other chemicals. Silicon, calcium and oxygen were also observed but at a lower amount than many of the other elements. Zinc and magnesium were also detected in significant amounts. Table 2 shows the results of the WET for the two TDRP samples tested. The two products did not show significant toxicity, as such it was not possible to calculate the median lethal concentration (LC 50 ) value due to insufficient mortality of the Pimephales promelas and Ceriodaphnia dubia. This analysis found that there was no toxicity in the Pimephales promelas and Ceriodaphnia dubia for Product "A", fine TDRP, which did not have any dead of either species. However, Product "B", fine TDRP with metal addition, had some dead species during the test and the Pimephales promelas had higher mortality than Ceriodaphnia dubia for Product "B". Therefore, product "B" seems to be higher mortality than Product "A" possibly due to the presence of metal, presumably from the metal cords from the used tires. Nevertheless, Product "B" did not show sufficient mortality to conclude an LC 50 concentration for this material.
Table 2. Mortality data at 48 hours
Product"A" (number dead/ number tested) Product "B" (number dead/ number tested) To determine the TDRP trickling filter reactor performance, the trickling filter was operated at different organic loading rates ranging from 0.12 to 0.34 kg COD/m 3 ·d. During operation, 100 % recirculation was utilized to increase removal efficiencies and dissolved oxygen concentrations in the trickling filter. Recirculation also reduced the clogging potential by increasing the hydraulic loading and dilution of the influent COD concentration. Figure 4 shows influent and effluent COD concentrations and the removal efficiency of the trickling filter reactor. Once the biofilm became established on the TDRP media, the COD removal efficiency in the trickling filter remained high. Increasing the hydraulic and organic loading had little effect on the performance of the system. During operation, the pH of the trickling filter remained between 6.7-7.3 in the influent and 6.9-7.4 in the effluent (Table 2 ). This study achieved low suspended solids concentrations in the effluent from the trickling filter, ranging from 5 to 10 mg TSS/L and 4 to 8 mgVSS/L presumably due to the effective solids separation of the clarifier (clarifier overflow rates ranged from 4.2 to 6.3 m 3 /m 2 ·d). The low SS values can be explained by the good settlability of the sloughed biomass from the TDRP medium in the reactor. Moreover, the BOD removal efficiency of this system was greater than 90% indicating good capability of TDRP as biofilm support material. The hybrid SGBR augmented with TDRP maintained good treatment performance during the operating period. Figure 5 shows the COD values of the influent and effluent and the removal efficiency during the duration of the study. The SGBR augmented with TDRP consistently removed 90-97% COD at HRTs of 48 to 20 h while the influent COD concentration and organic loading rate increased from 0.4 to 3 kg/m 3 ·d. Effluent COD gradually decreased and remained below 100 mg/L after initial start-up. Moreover, effluent BOD was below 20 mg/L and BOD 5 removal efficiency was over 96% at the 20-h HRT condition as shown in Table 4 . The cumulative methane production is given in Figure 5 . Actual cumulative methane production was calculated using the measured methane content of the biogas generated by the SGBR with TDRP reactor. The average methane content of produced biogas was 73.1% during theis study. The theoretical methane production was calculated from the daily removed COD with assuming the complete conversion of COD removed from the influent (0.35 L /g removed COD) in order to compare the methane production of this reactor. At long HRTs such as 48 hours, the actual cumulative methane was close to almost same values of the theoretical production since there was little methane lost from the effluent. The disparity between actual and theoretical cumulative methane appeared at the shorter HRTs than 36 owing to the higher effluent flow rate. However, the trend of the two values was similar and the cumulative methane production corresponded adequately to the theoretical value with excellent methane content in the biogas. TDRP was used in the denitrification filter to evaluate its suitability in anoxic environments. In the anoxic TDRP reactor, COD removal efficiency was less than 80% mainly due to the fact that COD was supplied in excess of the nitrate added ( Figure 6 ) in order to achieve full denitrification. Consequently, the nitrate-nitrogen concentration in the effluent was low, ranging from 0.8-2.1 mg/L (Table 5 ). In addition, the BOD 5 concentration in effluent was below 10 mg/L which indicating most of easily biodegradable COD was removed in this reactor. Effluent TSS and VSS concentrations were below 15 mg/L at various HRTs conditions. Alkalinity increased in the effluent owing to its recovery by denitrification. Figure 7 shows the nitrate-nitrogen concentration of the influent and effluent and its removal efficiency in this study. The nitrate-nitrogen concentration was increased from 52 mg/L to 94 mg/L at various HRTs to evaluate the denitification availability of this TDRP filter system. C/N ratio also decreased from 4.7 to 1.6 as the nitrate increased. Nitrogen removal efficiency was above 97% during the operating time which indicating the high potential of TDRP as the attached medium for denitrifying bacteria. Samples of the TDRP media were randomly collected from the trickling filter and tested with scanning electron microscopy (SEM) to obtain high resolution images of the biofilm.
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